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ABSTRACT
We modelled H2 and CO formation incorporating the fractionation and selective photodissociation
affecting CO when AV . 2mag. UV absorption measurements typically have N(12CO)/N(13CO) ≈ 65 that
are reproduced with the standard UV radiation and little density dependence at n(H) ≈ 32 − 1024 cm−3:
Densities n(H) . 256 cm−3 avoid overproducing CO. Sightlines observed in mm-wave absorption and
a few in UV show enhanced 13CO by factors of 2-4 and are explained by higher n(H) & 256 cm−3
and/or weaker radiation. The most difficult observations to understand are UV absorptions having
N(12CO)/N(13CO) >100 and N(CO)& 1015 cm−2. Plots of WCO vs. N(CO) show that WCO remains lin-
early proportional to N(CO) even at high opacity owing to sub-thermal excitation. 12CO and 13CO have
nearly the same curve of growth so their ratios of column density/integrated intensity are comparable
even when different from the isotopic abundance ratio. For n(H)& 128 cm−3, plots of WCO vs N(CH) are
insensitive to n(H), and WCO/N(CO)≈ 1 K km s−1/(1015 CO cm−2): This compensates for small CO/H2 to
make WCO more readily detectable. Rapid increases of N(CO) with n(H), N(H) and N(H2) often render
the CO bright, ie a small CO-H2 conversion factor. For n(H) . 64 cm−3 CO enters the regime of truly
weak excitation where WCO∝n(H)N(CO). WCO is a strong function of the average H2 fraction and models
with WCO=1 K km s−1 fall in the narrow range < fH2 >¯0.65-0.8, or < fH2 >¯0.4-0.5 at WCO ¯0.1 K km s−1.
The insensitivity of easily-detected CO emission to gas with small < fH2 > implies that even deep CO
surveys using broad beams may not discover substantially more emission.
Subject headings: astrochemistry . ISM: molecules . ISM: clouds. Galaxy
1. Introduction
Carbon monoxide (CO) can form, be shielded and
survive in detectable quantities inside even a very
modest H I-H2 transition in diffuse clouds at AV
≤ 1 mag where C+ is the dominant form of gas-
phase carbon (Burgh et al. 2010) and as little as a
few percent of the total hydrogen column is in the
form of H2 (Burgh et al. 2007; Sonnentrucker et al.
2007; Sheffer et al. 2008). In UV absorption, CO
is detectable when N(CO) . 1012 cm−2 at N(H2)
≈ 1019 cm−2 and N(H) ≈ N(H I) + 2N(H2) ≈ 2 ×
1020 cm−2 (Crenny & Federman 2004)1. Such small
1In this work n(H) and N(H) are the total number and column densi-
ties of H-nuclei in all forms but only H I and H2 are significant.
CO column densities are far below those at which
mm-wave CO emission becomes detectable at typical
sky survey sensitivitiesWCO = 1 K-kms (Dame et al.
2001), which is N(CO) ≈ 1015 cm−2 (Lucas & Liszt
1998; Liszt 2007a).
So it has long been possible to infer that mm-wave
CO emission could not trace all of the H2-bearing
gas in the diffuse molecular interstellar medium (ISM)
where cool neutral atomic and molecular hydrogen co-
exist in appreciable quantities. How much of the dif-
fuse interstellar molecular hydrogen exists in such re-
gions is a question in its own right. It also bears on the
question of “dark” gas generally, where the presence
of more gas is indicated by gamma-rays or dust emis-
sion/extinction than would ordinarily be inferred from
1
21cm H I and mm-wave CO emission (Grenier et al.
2005; Planck Collaboration et al. 2011, 2015). The
gas shortfall has been variously attributed to optically
thick H I that is underrepresented in H I emission
(Fukui et al. 2015, but see Stanimirovic´ et al. (2014))
or to H2 that is missed in CO emission (Wolfire et al.
2010).
Here we discuss the question of just what CO
emission traces when the sightline is in the dif-
fuse/translucent domain (roughly, AV< 2 mag), where
C+ is the dominant carrier of gas-phase carbon, the gas
is somewhat warmer (30 - 80 K) but at typical thermal
pressure p/k & 2 − 3 × 103 cm−3 K (Jenkins & Tripp
2011) so that CO is weakly excited by ambient H2
(Liszt 2007a) and, in some cases, heavily fraction-
ated (Liszt & Lucas 1998) owing to chemical iso-
tope exchange (Watson et al. 1976; Smith & Adams
1980) and selective photodissociation (Bally & Langer
1982; Van Dishoeck & Black 1988; Warin et al. 1996;
Visser et al. 2009). These effects act simultaneously to
produce isotoplogic abundance ratios that sometimes
show the dominance of one or the other mechanism
but may also result in normal-seeming abundance ra-
tios that conceal the complex nature of the underlying
physical processes.
Interpretation of CO emission is quite particular
in the diffuse/translucent regime because the isotopo-
logues can not be presumed to be present in the same
proportions as the inherent atomic isotope ratios, so the
line brightnesses of the isotopologues cannot be com-
pared with the inherent elemental abundance ratios to
directly derive the line optical depths and column den-
sities. Even so, the CO column densities would be of
little use in inferring N(H2) when most of the carbon
is in the form of neutral atomic carbon or C+, and the
CO abundance relative to H2 is small (ie << 10−4) and
highly variable with respect to small changes in the
ambient conditions (Szucs et al. 2016). At the same
time, as we discuss below, sub-thermal excitation puts
the J=1-0 rotational line in a radiative transfer regime
where the isotopologic line brightnesses are propor-
tional to their respective column densities even for
very optically thick lines (Goldreich & Kwan 1974),
so the ratios of brightnesses reflect the ratio of abun-
dance even when the observed values (say 15:1 for
12CO/13CO) would under other circumstances just be
taken as evidence for heavily saturated 12CO emission.
The plan of this work is as follows. In Section 2 we
describe the computational devices used to calculate
H2 and CO abundances and CO line brightnesses. In
Section 3 we compare models of the CO formation,
excitation and fractionation with UV- and radio ab-
sorption line measurements where the most complete
knowledge of H2 and CO column densities is available.
In large part this is done in order to understand what
is implied by the differences in fractionation that ap-
parently occur between sightlines toward bright early-
type stars used in UV-absorption and those used in
the mm-wave regime toward distant blazars. But it
also serves the necessary purpose of benchmarking the
models against the lines of sight where the most com-
plete information on CO and H2 is available, which
seems necessary before discussing In Section 4 we dis-
cuss CO emission more generally, to correspond to the
more usual case that only CO emission is observed in
one or more isotopologues. Section 5 is a summary
and overview.
2. Model calculations
Discussion of CO formation and fractionation in
diffuse H2-bearing gas proceeds in several steps: i) de-
scription of the underlying physical properties of the
host gas; ii) the H2-formation and H2 self-shielding
mechanism in the otherwise-atomic medium; iii) the
formation chemistry of the carbon monoxide iso-
topologues and their photodissociation, self- and mu-
tual shielding and chemical carbon isotope exchange
(Warin et al. 1996; Visser et al. 2009); iv) calculation
of the brightness of the CO lines and the effect of CO
radiation on the overall energy balance and tempera-
ture distribution: This is generally negligible here.
2.1. Heating, cooling and geometry
As in our previous work, we adopt the heating-
cooling model of Wolfire et al. (2003) at the Solar cir-
cle, as incorporated into a spherical cloud with uni-
form density. The cloud is embedded in the ambi-
ent, isotropic, galactic radiation field of photons and
cosmic-rays, with the default rate of the latter taken as
ζH = 2 × 10−16 s−1 per H-nucleus as seems appropri-
ate for the diffuse molecular ISM (McCall et al. 2002;
Liszt 2003; Hollenbach et al. 2012; Indriolo et al.
2012, 2015). Most of the heating is from the pho-
toelectron effect on small grains and the cooling is
through excitation of the fine structure lines of C+ and
O I. Rev2: The optical/UV radiation field is that of
Draine (1978), scaled overall by a factor G0 whose
default value is unity. The equations of chemical and
thermal balance are solved iteratively over a compu-
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Fig. 1.— Carbon monoxide column densities modelled with (right) and without C+ exchange. In both panels N(13CO)
and N(C18O) are plotted against N(CO) with UV-absorption observations shown as hollow rectangles and diamonds,
respectively. In each panel model results are shown for densities n(H) = 32 .. 1024 cm−3 varying in steps of two.
The calculations were taken from spherical clump models in which the central column density N(H) was varied in
steps of 21/4 and for each model two values, corresponding to sightlines at the center and the geometric mean impact
parameter, are connected by a dashed line . In each panel, ratios with respect to the main isotope are shown as shaded
dashed lines.
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tational model with 128 or more equi-spaced radial
shells, computing the radiation field in each shell av-
eraged over the surrounding 4pi solid angle. This for-
mulation was recently used to study the formation and
self-shielding of HD and H2 under conditions of vary-
ing metallicity (Liszt 2015).
2.2. H2 formation and self-shielding
Following the prescription of (Spitzer 1978, see
also Sternberg et al. (2014)) the rate constant for H2-
formation on grain surfaces is taken as RG = 3 ×
10−18 cm3 s−1
√
TK where TK is the locally-computed
kinetic temperature. However, the thermal balance and
temperature-dependent rate constant are not of crucial
importance to the H2-fraction. Very nearly the same
results are obtained using a fixed rate constant RG =
3.9×10−17 cm3 s−1 that is the average of the values ob-
tained toward three stars by Gry et al. (2002) and is of-
ten cited in other work, see Liszt (2015). The most im-
portant point overall is to reproduce the observed mean
H2-derived kinetic temperature ≈ 80 K (Savage et al.
1977; Rachford et al. 2002) at the typical thermal pres-
sures p/k ≈ 3000 cm−3 K (Jenkins & Tripp 2011) that
are appropriate for the H2-bearing regions.
The models employ the H2 photodissociation and
self-shielding scheme of Draine & Bertoldi (1996)
which explicitly treats dust attenuation of the radia-
tion field at the wavelengths of the Lyman and Werner
bands of H2 (90 - 110 nm). The optical depth for
dust absorption is τd = 1.9× 10−21N(H) (Draine 2003)
as in Sternberg et al. (2014). The free-space pho-
todissocation rate of H2 is 4.25 × 10−11G0 s−1, also
as in Sternberg et al. (2014). The accuracy of the
Draine & Bertoldi (1996) formulation was recently
verified in great detail by Sternberg et al. (2014) us-
ing an exact calculation in the context of the Meudon
PDR code. Continuous absorption by dust is espe-
cially important at densities n(H) . 32 cm−3 when
large hydrogen columns are required before much H2
accumulates (Liszt 2015).
2.3. CO formation
The CO formation chemistry adopted here is ex-
tremely simple and direct: CO forms from the ther-
mal recombination of a fixed quantity of HCO+ at
the locally-calculated kinetic temperature; more ex-
plicitly, there is a constant assumed relative abun-
dance X(HCO+) = n(HCO+)/n(H2) = 3 × 10−9 as in-
ferred from observation (Liszt et al. 2010). The CO
isotopologues are assumed to form in proportion to
their inherent elemental abundance, which we take
as 12CO:13CO:C18O = 1:1/60:1/520 (Lucas & Liszt
1998). This reflects the fact that the isotopologues of
HCO+ should be present in proportion to the inherent
elemental isotopic abundance ratios, given the diffi-
culty of fractionating HCO+ in diffuse gas. HCO+
recombines with an electron many thousands of times
faster than it reacts with an ambient 13CO molecule,
which is the pathway that enhances H13CO+ in dense,
fully-molecular clouds (Roueff et al. 2015).
It is generally agreed that HCO+ recombines
to form the CO that is observed in diffuse gas
(Visser et al. 2009) but the origin of the HCO+ re-
quires a mechanism that proceeds much faster than the
rate of ion-molecule reactions in the gas that is mod-
elled here. As noted below it is one of the insights
of this work that the bulk of the UV absorption line
data and all of the observations of CO absorption at
mm-wavelengths are explained when the formation of
CO from HCO+ recombination and the in-situ frac-
tionation and carbon isotope exchange of CO procede
at thermal rates.
2.4. CO photodissociation
The CO photodissociation scheme adopted here is
that of Visser et al. (2009), numerically based on tables
of shielding factors obtained from the website refer-
enced there. The free-space photodissocation rates of
the CO isotopologues are 2.6 × 10−10G0 s−1 for 12CO
and 13CO, and 2.4 × 10−10G0 s−1 for C18O. The on-
line tables have a much finer granularity (0.2 dex) than
those published in the manuscript itself (1 dex). In
this scheme both dust and H2 shield the isotopologues
but CO provides vastly more shielding for the rarer
isotopologues than the rarer isotopologues provide for
themselves. Therefore the tables use N(CO) as the
independent variable for the shielding of all isotopo-
logues. The secondary effect of self-shielding of the
rarer 13C-bearing isotopologues by themselves is acco-
modated by a 2nd table dimension that is the relative
abundance of the rarer isotopologue, with the value
1:1/35 or 1:1/65; for the 18O-bearing isotopologues
there is only one possibility, 1:1/560. As discussed
in Appendix A the shielding factors of Visser et al.
(2009) are not always interpreted in this way.
Because the calculations are not performed with
the actual local relative isotopologic abundances, we
experimented by repeating the same calculations with
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tables corresponding to the two carbon isotopologic
abundance ratios. In the unphysical case that C+ iso-
tope exchange is neglected, the shielding table with
12CO/13CO = 65 is clearly preferable on physical
grounds (see Figure 1) but there were only very slight
differences of a few percent using the table with the
higher 13CO abundance. When carbon isotope ex-
change is included (as it should be), use of both tables
gives even much more similar results owing to the
strong inter-species coupling. In any case the small
differences between the isotopologic ratios in the ta-
bles and the in-situ formation rate ratios in our work is
of little consequence to the results that are presented.
2.5. Carbon isotope exchange and other chem-
istry
The process of exothermic (34.8 K) carbon iso-
tope exchange in reactions of 13C+with CO was intro-
duced by Watson et al. (1976). We adopt the more re-
cent measured, temperature-dependent rate constants
of Smith & Adams (1980) as parametrized by Liszt
(2007a), see also Roueff et al. (2015). Use of the car-
bon exchange reaction in various implementations is
discussed in Appendix A.
The formation/fractionation chemistry employed
here was discussed in an approximate way in Liszt
(2007a). The important effects are CO formation, pho-
todissociation, and destruction by He+, along with the
carbon isotope exchange. We solved a limited chem-
ical network consisting of these effects coupled with
the underlying calculation of ionization equilbrium
and charge balance of all species that is inherent in
the basic heating-cooling calculation. In this way the
equilibrium between carbon atoms, ions and CO is
explicitly maintained for all the isotopes and isotopo-
logues.
The model sphere calculation is performed radially
in 128 equi-spaced shells using a relaxation mecha-
nism that repeatedly recourses inward from the edge
to the center until the abundances have converged in
each shell and are self- and mutually consistent. The
calculation is required to converge in the number den-
sities of H2, HD and the CO isotopologues, as well
as the kinetic temperature and ionization equilibrium,
etc, in each shell. Once the internal radial variation of
all quantities is known, the observable column densi-
ties and CO line brightnesses can be calculated for any
impact parameter about the central sightline. In the
figures, we have typically calculated series of models
at fixed number density n(H) while varying the front-
back total central column density N(H) in steps of 21/4,
displaying the results for each model as a line segment
connecting the results for 0 impact parameter and an
impact parameter equal to 2/3 of the radius, which is
the geometric mean over the face of the model. As
noted in the Introduction the model values for n(H) and
N(H) include H-nuclei in all forms, including protons,
H2+, etc. but the fractional abundances of species other
than atomic and molecular hydrogen are very small so
that N(H) ≈ N(H I) + 2 N(H2).
2.6. The CO J=1-0 emission line brightness and
CO cooling
As in Liszt (2007a) the carbon monoxide J=1-0
emission line brightnesses are calculated from a mi-
croturbulent approximation with complete redistribu-
tion (Leung & Liszt 1976) and CO cooling is also in-
cluded in the model although it is negliglible in the
presence of so much C+. The rotational excitation
of CO is implemented as described in Liszt (2007a)
including excitation by atomic helium and hydrogen,
ortho and para-H2, although excitation by atomic hy-
drogen is actually negligible given the small rate con-
stants (Shepler et al. 2007; Walker et al. 2015) and the
absence of CO except when the molecular hydrogen
fraction is large. The J=0 and 1 levels of H2 are taken
to be in thermal equilbrium at the local kinetic temper-
ature (Savage et al. 1977; Rachford et al. 2002). The
CO and 13CO integrated line profile brightnesses in
units of K km s−1 are written as WCO and W13 respec-
tively.
2.7. Specific observational results discussed here
Like Visser et al. (2009) we discuss the CO and
13CO column densities determined in UV absorp-
tion toward bright stars by Sheffer et al. (2007) and
Sonnentrucker et al. (2007) and the C18O column
densities of Lambert et al. (1994) and Sheffer et al.
(2002). We discuss the CO and 13CO column densities
determined in mm-wave absorption by Liszt & Lucas
(1998) and the emission brightnesses presented there
and by Liszt (1997) toward ζ Oph. We also discuss
the CO emission observed toward common UV ab-
sorption targets (Liszt 2008) and the “Mask 1” subset
of CO emission brightnesses in Taurus observed by
Goldsmith et al. (2008).
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2.8. Comparison of approaches to shielding and
isotope exchange with other work
Similarities and differences in the self-shielding and
carbon isotope exchange schemes used here and other
work (Sheffer et al. 2007; Ro¨llig & Ossenkopf 2013;
Szucs et al. 2014; Roueff et al. 2015; Szucs et al.
2016) are discussed in Appendix A.
2.9. A reference value for the CO-H2 conversion
factor
Throughout this work we refer to the CO-H2 con-
version factor as XCO = N(H2)/WCO and take as a stan-
dard or reference the value X0CO = 2×1020 H2 cm−2/(K-
km s−1).
3. Comparison of absorption line observations
with models
Figure 1 shows the carbon monoxide column den-
sities derived in UV absorption along with models
with and without C+ exchange, at right and left, re-
spectively. Note that all of the sightlines have N(CO)
> 1014.1 cm−2 and so reside in the same regime of CO
formation photochemistry initiated by processes in-
volving C+ and OH, according to Sheffer et al. (2008).
The 12CO/13CO ratios are for the most part surpris-
ingly well fit by the isotopologic abundance ratio
N(12CO)/N(13CO) = C/13C = 60 that is inherent in
the model, while the observed N(CO)/N(C18O) ratios
are three-five times higher than the intrinsic isotope
13C/18O ratio 520 used in the model.
The observed high N(CO)/N(C18O) ratios are fit
equally well with or without carbon isotope exchange
because C18O is shielded mainly by 12CO whose
abundance is little changed. The observed ratios
N(12CO)/N(13CO) ≈ 60 seem to ignore the expected
complications of selective photodissociation, carbon
isotope exchange and the like. However, this is in no
way an indication that carbon isotope exchange and se-
lective photodissociation are not occuring. The models
shown at left ignoring carbon isotope exchange gen-
erally trace only the very lower envelope of the 13CO
data, especially at the lower densities, with 13CO col-
umn densities two-three times lower than observed.
The models without isotope exchange at left in Figure
1 produce results very similar to those of the suprather-
mal chemistry employed by Visser et al. (2009), as
discussed in Section 3.1.
Introducing carbon isotope exchange at right in Fig-
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Fig. 4.— Emission profile integrals for 12CO and 13CO and model results for n(H)= 128 cm−3, 256 cm−3 and
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ure 1 brings the model results into general agreement
with the CO and 13CO data, with little obvious de-
pendence on the density, because the horizontal axis
is N(CO) rather than, say, N(H2) (see Section 3.1 and
Figure 2). The upward curvature in the models is not
apparent in the data unless the highest datapoint is con-
sidered. The improved fit at higher density for the
12CO/C18O ratio toward the star at higher column den-
sity occurs because N(H) and N(H2) are both smaller
at higher density for a given N(CO): the C18O is then
less well shielded H2 and dust.
The diffuse H2-bearing gas seen in UV absorption
can be unambiguously distinguished by its high in-
herent N(CO)/N(C18O) ratios that are three-five times
larger than the inherent isotope ratio but distinguish-
ing diffuse gas by comparing CO and 13CO is far more
problematical. Deviations from the inherent isotopic
abundance ratio are a clear sign of diffuse/translucent
gas whether high or low but only a small proportion of
the 13CO datapoints are strongly deviant.
3.1. N(13CO)
The CO formation rate is one of several factors
competing to determine the 12CO/13CO ratio shown in
Figure 1, so it is also important to reproduce the iso-
toplogic ratios at CO/H2 abundances that are also like
those that are actually observed. If the CO abundance
is not reproduced, conclusions regarding the fractiona-
tion can be misleading. Figure 2 shows N(13CO) plot-
ted against N(H2) with the isotopologic abundance ra-
tio shown at both endpoints of each model’s line seg-
ment (connecting the column densities calculated to-
ward the model’s center and geometric-mean impact
parameter).
The N(13CO) and N(H2) observed in UV absorption
line data are reproduced at relatively modest densities
32 cm−3 . n(H) . 256 cm−3 as with the models in
Figure 1. The vertical scatter is much larger in Figure
2: a factor 15-30 at given N(H2) and with variation of
N(13CO) by a factor exceeding 100 for 3×1020 cm−2 .
N(13CO) . 7× 1020 cm−2. It can be explained by vari-
ations in density and impact parameter as in Figure 2,
but variations in the local UV illumination also must
contribute.
3.2. Strongly deviant UV data and the radio-UV
comparison
In Figure 1 at right, there are three statistically sig-
nificant datapoints with N(12CO)/N(13CO) ratios well
below the inherent carbon isotope ratio and five-six
where N(12CO)/N(13CO) is substantially larger. Devi-
ations also exist for the mm-wave data (Liszt & Lucas
1998) but only in one sense and generally opposite
to the UV data, with small N(12CO)/N(13CO) and fa-
voring chemical fractionation over selective photodis-
sociation. This is shown in Figure 3 where the ra-
dio and UV data are compared: Other versions of
this figure exist in Liszt (2007a), Sheffer et al. (2007),
Visser et al. (2009), and Szucs et al. (2014), also us-
ing the results of Liszt & Lucas (1998). With some
overlap, the N(12CO)/N(13CO) ratio is systematically
smaller on sightlines observed at mm-wavelengths that
do not specifically target early-type stars and, albeit
with a smaller sample, none of the radio datapoints
show N(12CO)/N(13CO) exceeding the inherent ele-
mental isotopic abundance ratio of 60.
The radio or UV data with N(12CO)/N(13CO) <
60 are easily accomodated with modest (factor two)
increases in density and/or smaller radiation fields.
However, increasing the radiation field or decreasing
the density causes rather small changes in the N(CO)-
N(13CO) curves and the most problematic data are
those observed in the UV for which N(12CO)/N(13CO)
> 80. Shown in Figure 3 as an upper envelope is
the model result for n(H) = 128 cm−3 neglecting car-
bon isotope exchange that is also shown at left in Fig-
ure 1. The largest N(12CO)/N(13CO) ratio, toward the
archetypal line of sight to ζ Oph, is at the very mar-
gin of the values calculated ignoring carbon isotope
exchange.
Figures 1-3 allow a direct comparison with the
chemical calculations of Visser et al. (2009) from
which our shielding factors were drawn. Because
Visser et al. (2009) drove the isotope exchange re-
action at suprathermal rates, with an effective tem-
perature 4000 K, the 35 K zero-point energy dif-
ference between CO and 13CO was ineffective, and
their results generally resemble those shown at left
in Figure 1 here. For instance, the earlier chemistry
gave N(12CO)/N(13CO) ≈ 140 at N(H2) ≈ 4 − 5 ×
1020 cm−2 while the curves shown in our Figure 2 have
N(12CO)/N(13CO) ≈ 50−85 over that same range. The
N(13CO)/N(H2) ratios in the earlier work are smaller
than those shown in our Figure 2.
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Fig. 5.— 12CO emission profile integrals WCO plotted against 12CO and H2 column densities. Numerical values along
curves indicate the WCO/W13 emission profile brightness ratio. The calculations used a FWHM linewidth dV = 1.3
km s−1; calculations with dV = 0.9 km s−1 are shown as dotted lines for two densities in the panel for G0 = 1.
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Fig. 6.— H2-fraction plotted as a function of the CO
profile integral toward the center of models at four den-
sities n(H) = 64 .. 512 cm−3. Results are plotted as
solid lines for all densities at G0 = 1 and as dashed
lines for G0 = 1/2 at the highest and lowest densities.
The color scheme is the same as in Figure 1.
3.3. Summing up; thermal and suprathermal
chemistry
Although our models including carbon isotope ex-
change cannot account for the handful of sightlines ob-
served in UV absorption and having N(12CO)/N(13CO)
& 80 at N(CO) > 1015 cm−2 (see Figure 3), effective
carbon isotope exchange at thermal rates is needed to
explain the bulk of the UV observations and all of the
data at mm-wavelengths. The recombination of HCO+
to form CO and the carbon isotope exchange affecting
the N(12CO)/N(13CO) ratio can be understood as oc-
curring at thermal rates after the formation of HCO+,
however that occurs. As noted in Section 3 in reference
to Figure 1, all of the sightlines considered here in UV
absorption have N(CO) > 1014.1 cm−2 and should be
subject to the same formation photochemistry accord-
ing to the discussion of Sheffer et al. (2008).
As they discussed, high ratios N(12CO)/N(13CO)
occur as a matter of course in the suprathermal chem-
istry of Visser et al. (2009). If the N(12CO)/N(13CO)
ratio is high because the carbon isotope exchange re-
action were ad hoc being driven at suprathermal rates
with high effective temperatures 4000 K along some
lines of sight, the recombination of HCO+ to form CO
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would also presumably occur more slowly owing to
the inverse temperature dependence of recombination
rates generally. For a given N(CO) this would in turn
imply that X(HCO+) is higher in about the same pro-
portion that its recombination rate to form CO is di-
minished.
The HCO+ column density cannot be measured di-
rectly along the sightlines studied in UV absorption,
but the combination of higher N(HCO+) and somewhat
stronger HCO+-electron excitation at higher tempera-
ture would presumably produce brighter HCO+ rota-
tional emission where the N(12CO)/N(13CO) ratio was
exceptionally large. CO, 13CO and HCO+ emission
have all been observed toward and around ζ Oph where
the N(12CO)/N(13CO) ratio is highest in UV absorp-
tion and the gas seen in emission is in the foreground
of the star (Wilson et al. 1992; Kopp et al. 1996; Liszt
1997). Toward the star, WCO ≈ 1.5 K-km s−1 and
13CO emission is at best marginally detectable with
WCO/W13 & 60 (Wilson et al. 1992). HCO+ emis-
sion is present at a level 2.2% that of WCO, typi-
cal of sightlines observed in HCO+ absorption and
emission in diffuse molecular gas at mm-wavelengths
(Lucas & Liszt 1996): It is not exceptionally strong.
CO, 13CO and HCO+ all brighten considerably
within 10′-30′ to the north and south of ζ Oph with
the CO/HCO+ brightness ratio staying about constant
at 50-100 while WCO/W13 decreases to 20-30. HCO+
emission tracks WCO fairly closely and varies with
WCO in the same sense as W13. This seems opposite
to expectations if the suprathermal chemistry causes
high effective kinetic termperatures in interactions of
HCO+ with electrons while retarding the carbon ex-
change reaction of C+ with CO.
4. CO emission in the face of fractionation
In the vast majority of cases, observations of carbon
monoxide are those made in mm-wave emission with-
out recourse to either absorption spectra or indepen-
dent knowledge of N(H2), etc: The integrated bright-
ness of CO is often the independent variable or a con-
stituent of it (eg when N(H) is approximated as N(H) =
N(H I)+ 2 XCOWCO). Measurements of 13CO emission
in identifiably-diffuse gas are scarce but, in an attempt
to show the equivalent of Figure 1 in emission, Fig-
ure 4 shows measurements of CO and 13CO emission
from our work at the Plateau de Bure (Liszt & Lucas
1998), from a survey of carbon monoxide emission to-
ward commonly-used UV absorption background tar-
gets (Liszt 2008), from data within 20′ of ζ Oph (Liszt
1997) and from the lowest-AV “Mask 1” pixels of
Goldsmith et al. (2008) in Taurus.
The panels show results toward the centers of mod-
els at n(H) = 128, 256 and 512 cm−3 with the radi-
ation field at full strength and diluted by factors of 2
and 3. Each model curve is shown solid with FWHM
= dV = 1.3 km s−1 and dotted in the middle panel with
dV = 0.9 km s−1. Fiducial values 2.5, 5, 10, 20 ... of
the WCO/W13 integrated intensity ratio are plotted as
dashed gray lines, and dash-dotted in green we show
the calculated emission when carbon isotope exchange
is ignored for G0 = 1. Numerical values of the column
density ratio N(12CO)/N(13CO) are shown along each
model curve: These can be compared with the fidu-
cial lines to gauge the extent to which the intensity and
column density ratios differ owing to radiative transfer
effects. Varying the density has relatively little effect
on the model brightnesses in Figure 4 when the radi-
ation field is at full strength, consistent with the lack
of density sensitivity shown in Figure 1 at right. For
weaker illumination WCO/W13 decreases with n(H),
and moreso as the illumination diminishes.
The emission observations accompanying the PdBI
absorption data are explained by some combination
of higher density and dimmer radiation, as in Figure
3 where the UV and mm-wave absorption line data
were compared. The Taurus data “Mask 1” pixels of
Goldsmith et al. (2008) are consistent with the other
datasets, with 1/15 ≤ W13/WCO ≤ 1/30. It is interest-
ing that the Taurus observations, which isolate diffuse
sightlines within a dark cloud complex, are consistent
with observations along sightlines observed at high lat-
itudes at the PdBI that are supposedly remote from
dense or dark gas. 13CO emission is often quite bright
toward the early-type stars even though the UV absorp-
tion line data generally show smaller N(13CO)/N(CO)
ratios than in the radio domain (ie Figure 3). Strong
carbon monoxide emission toward early-type stars al-
most certainly arises from dense material with high
AV situated behind the star. Had the stars in question
been located behind such material they would have too
heavily extincted to be suitable absorption line targets.
WCO/W13 intensity ratios are (perhaps) surprisingly
close to the column density ratios N(12CO)/N(13CO)
even when both are small compared to the intrinsic
carbon isotope ratio 60: For WCO . 4 K, the differ-
ences between the column density and brightness ra-
tios are 25% or less. Differences are larger for brighter
lines and for lower density, but small intensity ratios
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reflect comparably small column density ratios, even
when WCO/W13 ≈ 10 − 20. For instance the Taurus
results with WCO/W13 in the range 13 - 22 are re-
produced in the right-most panel by the models with
n(H) = 512 cm−3, G0 = 1/2 and column density ra-
tios N(12CO)/N(13CO) in the range 19 - 26, or in the
center panel at n(H)= 256 cm−3 with G0 & 1/3 and
N(12CO)/N(13CO) in the range 16 - 22. Close track-
ing of the intensity and column density ratios requires
that the J=1-0 brightness maintains a proportionality
to the column density well beyond the point at which
the optical depth exceeds unity, as we now discuss.
4.1. WCO vs. NCO: The curve of growth
Figure 5 shows the CO brightness plotted against
N(CO) at left for G0 = 1 and n(H) = 64, 128, 256 and
512 cm−3, and against N(H2) at the same n(H) for G0
= 1, 1/2, and 1/3 in the three rightmost panels. The
variation of WCO with N(CO) haa little sensitivity to
the radiation field. Values of WCO/W13 are superposed
numerically on the model curves in the rightmost pan-
els where fiducial values of the CO-H2 conversion fac-
tor N(H2)/WCO in units of H2 cm−2/(K-km s−1) are
indicated as gray, dashed lines.
In the left-hand panel of Figure 5 the plots of WCO
vs N(CO) show that WCO (K-km s−1)≈N(CO)/1015 cm−2
around WCO = 1 K-km s−1 for n(H) & 128 cm−3 and
WCO ≈ N(CO)/2 × 1015 cm−3 for n(H) = 64 cm−3.
These are comparatively low densities to be dis-
cussing, even in the context of CO emission at the
sensitivity limit of typical survey observations. For
n(H) . 64 cm−3, CO is increasingly in the true limit
of weak collisional excitation where n(H2)N(CO) is
constant (Liszt & Pety 2016).
When the excitation is weak and the rotational en-
ergy ladder is well below the level of thermalization,
the J=1-0 brightness remains proportional to the CO
column density long after the J=1-0 line becomes op-
tically thick at with τ & 1 at N(CO) & 1015 cm−2:
This is because the radiative transfer is dominated by
scattering. Moreover, the ratio WCO/N(CO) is com-
paratively large in diffuse gas (Liszt 2007a; Liszt et al.
2010), some 30- 50 times higher than in cold dark
clouds or when the rotational ladder is thermalized,
because so much of the energy in the rotation ladder
emerges in the 1-0 lowest transition. This behaviour
was predicted by Goldreich & Kwan (1974) long be-
fore it was inferred from observation by direct com-
parison of WCO and N(CO). As discused in Section
5 a higher WCO/N(CO) ratio compensates for smaller
CO/H2 ratios in diffuse gas, such that WCO/N(H2)
tends to remain constant between regions of high and
low X(CO). The WCO/N(H2) ratio in diffuse gas dif-
fers much less than the WCO/N(CO) ratio because the
fractional abundance of CO is so small.
4.2. N(H2)/WCO: the CO-H2 conversion factor
The right-hand three panels of Figure 5 show WCO
vs N(H2) for G0 = 1, 1/2 and 1/3 with model results
for n(H) = 64 .. 512 cm−3. Casting the discussion in
terms of WCO and N(H2) lends itself to discussion of
the WCO-N(H2) conversion factor which is schemati-
cally illustrated in the figure by the gray dashed fidu-
cial lines.
The models in Figure 5 have an approximately
quadratic dependence WCO ∝ N(H2)1.5−2 and N(H2)
= 2.1×1020 cm−2 around WCO = 1 K-km s−1 for G0=1
and n(H) = 256 cm−3. WCO varies more rapidly than
linearly with N(H2) at fixed number density owing to
the fast increase of N(CO) with N(H2) and this rapid
increase of WCO with N(H2) means that CO-H2 con-
version factors XCO < X0CO often apply when WCO & 1
K km s−1. This is “bright’ CO Liszt & Pety (2012),
and CO is increasingly bright in this sense at higher
density and for smaller G0.
The CO-H2 conversion factor XCO =N(H2)/WCOscales
directly with G0 (XCO/G0 ≈ constant), and inversely
with density (XCO ∝ n(H)−0.75) and with WCO itself,
XCO∝ 1/WCO0.3−0.5 with a slightly stronger depen-
dence on WCO at higher G0. The variation of WCO
with N(H2) shown in Figure 5 can be approximated
around WCO = 1 K-km s−1 and inverted to give
N(H2) = Ayb × WCO1/(c+dln(y)) (1)
where y = n(H)/256 cm−3, WCO is measured in K-
km s−1 and constants for the evaluation of Equation 1
are given in Table 1. The functional dependence is
very nearly as G0/n(H) that is the fundamental scaling
parameter for PDR in general.
In discussing Figure 4 we noted that our models
with G0 = 1/2-1/3 and n(H) = 256 cm−3 or G0 ≈
Table 1: Constants for the evaluation of Equation 1
G0 A b c d
1 2.24 ×1020 H2 (K-km s−1)−1 -0.74 1.92 -0.35
1/2 1.0 ×1020 H2 (K-km s−1)−1 -0.79 1.66 -0.12
1/3 0.69 ×1020 H2 (K-km s−1)−1 -0.76 1.51 -0.08
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1/2 and n(H) = 512 cm−3 reproduce the WCO and
W13 measurements from which N(CO) and N(H2)
were derived for the Mask 1 pixels in Taurus of
Goldsmith et al. (2008). Our model with G0 = 0.5 and
n(H) = 512 cm−3 in Figure 5 has the same CO-H2 con-
version factor but five times smaller N(CO) and N(H2)
than were derived by Goldsmith et al. (2008). This
occurs because the gas in our models is substantially
warmer and the excitation more strongly sub-thermal
than was assumed by Goldsmith et al. (2008), which
brightens the CO emission on a per-molecule basis
while reproducing the observed WCO with a smaller
CO column density, as discussed by Liszt et al. (2010).
4.3. Practical limitations on the utility of CO
emission as an H2 tracer
Figure 6 gathers results for models of varying den-
sity and G0 and plots the line of sight averaged molec-
ular hydrogen fraction < fH2 > against WCO. At the
typical survey limit WCO = 1 K-km s−1, the models
cluster in the narrow range < fH2 > = 0.65 - 0.8, large
but still with a significant component of atomic hy-
drogen, falling only to < fH2 > = 0.45 - 0.6 at WCO =
0.1 K-km s−1. This suggests that the known CO emis-
sion arises in material where the hydrogen has mostly
been converted to molecular form and that even much
deeper CO searches will not reveal much more emis-
sion except perhaps at higher spatial resolution.
This is not to say how much H2 is missed by CO
surveys at the current ≈ 1 k-km s−1 sensitivity limit,
because that depends on the distribution of cloud prop-
erties 2 . Most of the H2 could reside in regions
with a high enough molecular fraction that CO is de-
tectable, though we noted earlier that there could be
a substantial population of H I clouds with high col-
umn density and low number density and molecular
fraction (Liszt 2007b). Global estimates of < fH2 > in
the diffuse ISM based on absorption line observations
range from & 22% measured in H2 and corrected for
sampling bias (Savage et al. 1977; Bohlin et al. 1978),
to 35-40% assuming constancy of the observed mean
chemical abundances X(HCO+) = 3×10−9 (Liszt et al.
2010) and X(CH) = 3.5 × 10−8 (Liszt & Lucas 2002).
In any case, the associated CO is not inferred to be
abnormally dim Liszt et al. (2010).
2Note also that this discussion assumes that the emission is resolved
spatially, and that more stringent limits are implied otherwise
5. Summary and discussion
We began by describing in Section 2 a physical
scheme for numerical calculation of the abundances
of the carbon monoxide isotopolgues 12CO, 13CO and
C18O in uniform density gas spheres of modest to-
tal extinction and densities n(H) = 32 - 1024 cm−3.
The models self-consistently compute the equilibrium
state considering heating and cooling of the host gas
along with the H2 formation, self- and dust shielding
in the otherwise-atomic medium; CO formation via the
thermal recombination of a fixed relative abundance
X(HCO+) = n(HCO+)/n(H2) = 3 × 10−9; and CO pho-
todissociation, self- and mutual shielding and carbon
isotope exchange. The emergent line intensities of the
CO J=1-0 transition are calculated in the microturbu-
lent approximation.
In Section 3, as a benchmark, we compared the
model calculations with UV observations of CO in
absorption. Figure 1, displaying results for models
with and without carbon isotope exchange, shows that
the observed isotopologic ratios N(12CO)/N(13CO) are
generally well-reproduced over the full range N(12CO)
= 2×1014−4×1016 cm−2 and that the near-constancy of
N(12CO)/N(13CO) ≈ 65 at N(12CO) . 2 × 1016 cm−2,
near the intrinsic 12C/13C ratio, in fact results from a
complex interaction of shielding, selective photodisso-
ciation and carbon isotope exchange processes. When
carbon isotope exchange is considered, the model re-
sults inter-comparing the various CO isotopologues
have little dependence on number density although
with some preference for the highest density to explain
one of only two datapoints for the rarer isotopologue
C18O.
Because the isotopologic abundance ratios depend
on the proper balance between formation, destruc-
tion and exchange processes we took care to verify
that the CO isotopologic abundance ratios were re-
produced at the observed column densities (Section
3.1 and Figure 2). The number density should be
moderate, n(H) . 256 cm−2, to avoid over-producing
CO along sightlines observed in UV absorption and
to maintain consistency with the rotational excitation
temperatures that are an indirect by-product of mea-
surements of CO absorption in the UV (Smith et al.
1978; Crutcher & Watson 1981; Wannier et al. 1982;
Crenny & Federman 2004; Liszt 2007a; Goldsmith
2013). At such densities CO acounts for 5 - 20% of the
gas-phase carbon in the center of models with N(H) =
1 − 2 × 1021 cm−2 (AV ≈ 1/2 - 1 mag) as discussed in
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Appendix B and illustrated in Figure B1.
Some deviant datapoints were discussed in Sec-
tion 3.2. Smaller N(12CO)/N(13CO) ratios can be ex-
plained by weakening the UV-illumination by factors
of 2-3 and by increasing the density, but the converse
is not true: High ratios N(12CO)/N(13CO) > 80 are
not reproduced by increasing the strength of the illu-
mination. In Figure 3 we compared the results for
CO absorption observed at optical and radio wave-
lengths, noting that the radio data have systematically
smaller N(12CO)/N(13CO) ratios. This indicates that
that they arise in conditions involving some combi-
nation of higher density and weaker UV illumination
than is characteristic of the foreground material ob-
served toward early-type stars.
High N(12CO)/N(13CO) ratios, in the range 100
- 160, are seen only along sightlines used to study
UV absorption. As shown in Figure 3, the largest
N(12CO)/N(13CO) ratios can be reproduced by sup-
pressing the carbon isotope exchange, as occurs in
suprathermal chemistries like that of Visser et al.
(2009). In Section 3.3 we argued that suppressing
carbon isotope exchange via a suprathermal chem-
istry would imply slower HCO+ recombination to
CO, requiring a larger N(HCO+)/N(CO) ratio and
brighter HCO+ mm-wave emission relative to that
of CO. However, observations of CO, 13CO, and
HCO+ emission toward and around ζ Oph, where the
N(12CO)/N(13CO) is highest in the UV, show a more
or less constant HCO+/CO brightess ratio around the
star, even as WCO/W13 falls to 20-30.
In Section 4 we turned attention to CO emission on
its own terms, to discuss the most common case where
only emission from one of more isotopologues is avail-
able and independent information on, for instance,
N(H2) is not available. In Figure 4 we showed ob-
servations of 12CO and 13CO emission in identifiably-
diffuse directions and compared them with models at
n(H)= 128−512 cm−3 and G0 = 1/3 - 1. The CO emis-
sion data toward the same stars used for UV absorp-
tion are often dominated by background gas having
relatively strong 13CO emission, because of selection
biases against high foreground extinction. Observa-
tions toward outlying portions of the Taurus cloud are
consistent with the other datasets (an important point
given the supposed absence of high-AV material in the
vicinity of the sighlines studied in mm-wave absorp-
tion) and are well-explained with n(H) = 512 cm−3
and twice weaker UV illumination or n(H) = 256 cm−3
and three times weaker UV illumination. The CO
brightness and column density ratios are comparable
even when they are much different from the inher-
ent atomic isotope ratio: Small WCO/W13 ratios imply
small N(12CO)/N(13CO) ratios and small CO/H2 abun-
dance ratios rather than a saturation of the emission
from the more abundant isotopologue.
In Section 4.1 we considered the CO curve of
growth for CO emission, the variation of WCO witn
N(CO) noting that the emission brightness per CO
molecule around WCO = 1 K-km s−1 is WCO/N(CO)
≈ 1 K-km s−1/1015 cm−2 for n(H) ≥ 128 cm−3 or
WCO/N(CO)≈ 0.5 K-km s−1/1015(n(H)/64 cm−3) cm−2
for n(H) ≤ 64 cm−3. The WCO/N(CO) ratio is rela-
tively high in diffuse gas because nearly all the energy
put into the CO rotation ladder by collisions emerges
in the J=1-0 transition. Moreover, WCO ∝ N(CO)
even at N(CO) > 1015 cm−2 where the J=1-0 line has
τ ≈ 1, because the CO gas is effectively a pure scat-
tering environment. The density dependence in the
WCO/N(CO) ratio at n(H) . 64 cm−2 is a sign that CO
is entering the limit of truly weak collisional excitation
formulated by Linke et al. (1977) and Liszt & Pety
(2016).
In Figure 5 at right we showed calculated results for
WCO vs. N(H2), which allowed a discussion of the CO-
H2 conversion factor N(H2)/WCO in Section 4.2 where
we parametrized the dependence of N(H2) on WCO in
equation 1 and Table 1. The rapid increase of N(CO)
with density and N(H2), combined with the propor-
tionality between N(CO) and WCO, causes much of
the CO emission at levels WCO & 1 K-km s−1 to be
’bright’ in the sense of having a CO-H2 conversion fac-
tor N(H2)/WCO smaller than the ’standard’ value X0CO
= 2 × 1020 H2 cm−2/(K-km s−1).
In Section 4.3 (see Figure 6) we discussed how
molecular emission at the level WCO = 1 K-km s−1
arises from gas in a narrow range of line-of-sight av-
eraged H2-fraction < fH2 > = 0.65 - 0.8, only falling
to < fH2 > = 0.45 - 0.6 at 0.1 K-km s−1. Easily de-
tectable CO emission does not occur in gas except
where H2 is the dominant form of hydrogen. This
probably implies that CO searches at levels well be-
low WCO = 1 K-km s−1 with broad beams will not de-
tect much more CO emission. However, CO emis-
sion is heavily clumped on arcminute and smaller
scales and quite bright patches may well exist within
broad beams lacking detectable emission at levels 1 K-
km s−1 (Heithausen 2006; Liszt & Pety 2012).
How much diffuse molecular gas has been missed
by the existing CO surveys is a separate question
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but the fact that the average CO-H2 conversion factor
in diffuse molecular gas is near-standard (Liszt et al.
2010) indicates that most of the H2 in the diffuse ISM
exists in regions with sufficiently large local fH2 that
CO emission should be detectable. In any case it ap-
pears that detection of H2 in regions with very small
< fH2 > << 0.5 is best left to absorption line measure-
ments of species like OH+ which actually prefer such
conditions and perhaps to observation of species like
CH, OH and HCO+, whose abundances with respect
to H2 are not as sensitive to ambient conditions as that
of CO (Gerin et al. 2016).
5.1. Discussion
We discussed the optical/UV/radio absorption line
data in order to establish the suitability of the un-
derlying models before extrapolating to cases where
CO emission alone will be used to infer N(H2) and
few if any constraints are available. To this end we
note especially that the bulk of that data is under-
standable in terms of a chemistry that occurs at ther-
mal rates, after HCO+ forms: specifically, this work
invoked the thermal recombination of the observed
amount of HCO+ with electrons to form the observed
amounts of carbon monoxide, and the carbon isotope
exchange that is required to explain 12CO/13CO ra-
tios that are below or only modestly above the in-
herent isotopic abundance ratio. Some UV sightlines
do not entirely conform to this picture because their
CO column densities are reproduced, at least approxi-
mately, even while N(12CO)/N(13CO) has high values
that only seem attainable if carbon isotope exchange
is suppressed. Overall, however, and toward all the
sightlines observed in absorption at mm-wavelengths,
far from early-type stars and presumably more typical,
carbon isotope exchange fractionation dominates over
selective photodissociation. The great majority of the
13CO observed in diffuse molecular gas arises through
the deposition of 13C into CO, rather than the direct
formation of 13CO via the recombination of H13CO+.
This situation is directly comparable to that of the HD
in the diffuse ISM, which results from the deposition
of deuterons into existing H2 rather than the formation
of HD on grains directly.
As shown in Figure 5 at left, the quantity that is
most directly and reliably inferred from observations
of CO emission in diffuse molecular gas is N(CO)
because the emission brightness per CO molecule
around WCO = 1 K-km s−1, WCO/N(CO) ≈ 1 K-
km s−1/1015 cm−2, is insensitive to the illumination
of the gas, and insensitive to the number density
when n(H) & 128 cm−3, or WCO/N(CO) ≈ 0.5 K-
km s−1/1015 cm−2 (n(H)/64 cm−3) for n(H) . 64 cm−3.
In this regime N(12CO)/N(13CO) ≈ WCO/W13 even
when small values of WCO/W13 might seem to imply
substantial saturation of the CO emission with unfrac-
tionated column density ratios.
Failure to recognize that N(12CO)/N(13CO) ≈
WCO/W13, and that this implies that CO carries a small
fraction of the gas-phase carbon, can lead to serious
errors when deriving molecular gas properties. Just
this point has recently been addressed by Szucs et al.
(2016) who concluded that the least reliable way to
infer N(H2) is to calculate N(13CO) and thereafter to
compute N(CO) and N(H2) without knowing the iso-
topologue ratio N(12CO)/N(13CO) and CO abundance.
They conclude that use of a standard CO-H2 conver-
sion factor applied to WCO is more reliable. In fact
something very like this point was made long ago at
a time when the CO-H2 conversion factor had not yet
entered the mainstream and N(H2) was determined
by calculating N(13CO) in LTE at a temperature in-
ferred from CO, and multiplying N(13CO) by the ratio
appropriate for fully-molecular gas, N(H2)/N(13CO)
≈ 5 × 105 (Dickman 1978). As noted then, it is possi-
ble to arrive at a value for N(H2) with much less effort
and no more uncertainty simply as N(H2) = XCO WCO
using a standard value for XCO (Liszt 1984).
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A. Comparison of approaches to CO shielding and C+ exchange
Recent work incorporates carbon monoxide photodissociation and/or fractionation in chemical studies that cover
rather different physical regimes from that considered here, although with some consideration of results for CO column
densities measured in UV absorption as shown here in Figure 1. Ro¨llig & Ossenkopf (2013) discuss carbon fraction-
ation chemistry in PDR with n(H) = 103 − 107 cm−3 while Szucs et al. (2014) discuss carbon monoxide chemistry in
turbulent clouds of typical mass 104 MSun and mean density n(H) = 300 cm−3, equivalent in some rough sense to a
uniform sphere of radius R=7 pc and central column density 2n(H)R = 1.27× 1022 cm−2 or AV = 7 mag, well beyond
the range of column density considered here.
Unlike the current work, Ro¨llig & Ossenkopf (2013) and Szucs et al. (2014) find noticeable and very similar en-
hancement of 13CO at all values of N(CO) below the point where all carbon is in CO, for instance with 15 .
N(12CO)/N(13CO) . 40 for 1013 cm−2 . N(CO) . 1017 cm−2. As noted by Szucs et al. (2014) in regard to their
Figure 14, equivalent to our Figure 3, their results are much better suited to comparison with our mm-wave absorption
results (Liszt & Lucas 1998) and the UV absorption results must reflect different conditions than those that were con-
sidered. In the present work the difference is attributed to higher density and weaker UV illumination along sightlines
removed from early-type stars.
In fact these differences arise from differing treatment of carbon monoxide self-shielding and fractionation, as we
now discuss.
A.1. Self and mutual shielding
Ro¨llig & Ossenkopf (2013) used the shielding factors tabulated by Van Dishoeck & Black (1988) that were calcu-
lated and tabulated in a form similar to those of Visser et al. (2009) so their results would be most nearly comparable
to those presented here. However, Ro¨llig & Ossenkopf (2013) reinterpreted the basic spectroscopic scheme behind
the shielding calculations that have been performed by van Dishoeck and her collaborators, in which the shielding
of all the isotopologues xCyO is expressed as functions of N(H2) and N(12CO), not of N(H2) and N(xCyO), etc. The
ratios N(xCyO)/N(12CO) are secondary parameters of limited significance in the formulation of Visser et al. (2009).
Thus footnote 11 of Ro¨llig & Ossenkopf (2013) states that “12CO could also shield its less abundant relatives, if their
absorption lines are sufficiently close together. However, only very few of the efficiently dissociating lines overlap,
too few for mutual shielding to be important (Warin et al. 1996).” However, the footnote to Table 5 of self-shieldings
in Visser et al. (2009) makes explicit that “Self-shielding is mostly negligible for the heavier isotopologues, so all
shielding functions are expressed as a function of the 12CO column density.” This reflects a fundamental disagree-
ment between the microphysics of line overlap between Warin et al. (1996) and Van Dishoeck & Black (1988) or
Visser et al. (2009).
The first preprint version of Szucs et al. (2014) that we downloaded when initially drafting this manuscript adopted
the same self-shielding formulation of Lee et al. (1996) that we used in our own earlier work when only 12CO was
discussed, and they modelled the shielding of 13CO by substituting N(13CO) for N(12CO): That is, both isotopologues
use the same shielding factors, but the column density employed to calculate the shielding of xCyO was N(xCyO) as
in the scheme of Ro¨llig & Ossenkopf (2013). The final published version uses the shielding factors of Visser et al.
(2009) but presumably with the same scheme of self-shielding of the heavier isotopologues, rather than by 12CO. This
presumably also is true of the successor work by Szucs et al. (2016).
A.2. The carbon-exchange reaction rate
Yet another difference with the present work is that Szucs et al. (2014) (and, presumably Szucs et al. (2016)) used
a single value for the forward rate constant (ie that for the exothermic replacement of C by 13C in CO), as measured at
300 K by Watson et al. (1976). In doing so they followed a remark by Sheffer et al. (2007) to the effect that the older
result provided a better fit to the UV absorption line observations, a few of which have high N(12CO)/N(13CO) ratios.
We, along with Ro¨llig & Ossenkopf (2013) (also see Roueff et al. (2015)) approximated the temperature-dependent
rate coefficients for C+ exchange measured by Smith & Adams (1980). These are higher than the value k f = 2 ×
10−10cm3 s−1 of Watson et al. (1976) by factors of 2, 3 and 4 at at kinetic temperatures 160 K, 80 K, and 30 K,
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respectively.
B. Internal structure
Figure B1 shows the internal structure of our cloud models with N(H) = 1 × 1021 cm−2 and 2 × 1021 cm−2 at top
and bottom, respectively. The CO column densities toward the centers of these models vary from 8.1 × 1013 cm−2 to
1.3 × 1016 cm−2 at top (a factor 160 vs. 8 in density) and from 8.8 × 1014 cm−2 to 8.3 × 1016 cm−2 at bottom. For
comparison with Figures 1 and 3, the central CO column densities at n(H) = 128 cm−3 are 1.1 × 1015 cm−2 at top and
1.1 × 1016 cm−2 at bottom.
The temperature distribution is nearly uniform because the models are relatively transparent (AV = 0.25 and 0.5
at the center) and the CO fraction – the CO abundance relative to the free gas-phase carbon abundance – is generally
small. The temperature at the center of the densest model at bottom increases toward the center as C+ becomes a
minority constituent and CO cooling does not make up the difference. The outer temperature varies from 55 K to 100
K as the density decreases from 512 cm−2 to 32 cm−2. The thermal pressure p/k ≈ 3 × 103 cm−3K at n(H) = 32 cm−3
was a basic constraint on the underlying heating-cooling calculation. The thermal pressure of the highest density
models is 4 times higher than this at the outer edge where the gas is mostly atomic, and about twice as large at the
center where the gas is mostly molecular.
The models mix observable CO with substantial atomic gas fractions; at n(H) = 128 cm−3 the H I fraction every-
where exceeds about 20% at top and 9% at bottom in Figure 3. The CO fraction is by far the most widely-varying
cloud property, from 0.1% to 20% at the center at top to 0.7% to 50% at bottom.
The n(CO)/n(13CO) ratio may either increase or decrease toward the center depending on the density and may be
both above and below 60 in the same model at intermediate values of the number density. The CO fraction is not large
enough in any of the models to cause the isotopologic ratio to revert to 60 anywhere; the selective deposition of 13C
into CO continues even when the CO fraction is as high as 40% at the center of the densest model. The interactions
between physical processes are complex because CO is also providing the bulk of the shielding for 13CO.
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Fig. 7.— Radial variations in models with number densities n(H) = 32 .. 512 cm−3 and front-back column densities
N(H) = 1 × 1021 cm−2 (upper) and N(H) = 2 × 1021 cm−2 (lower). Shown are the kinetic temperture TK in black and
solid; the percentage fraction of hydrogen in atomic form fHI in red, dashed; n(CO)/n(13CO) dash-dotted and blue; and
1000× n(CO)/n(C+) in green and dotted.
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